The kinetics of the oxidation of fully-reduced ba 3 cytochrome c oxidase from Thermus thermophilus by oxygen were followed by timeresolved optical spectroscopy and electrometry. Four catalytic intermediates were resolved during this reaction. The chemical nature and the spectral properties of three intermediates (compounds A, P and O) reproduce the general features of aa 3 -type oxidases. However the F intermediate in ba 3 oxidase has a spectrum identical to the P state. This indicates that the proton taken up during the P → F transition does not reside in the binuclear site but is rather transferred to the covalently cross-linked tyrosine near that site. The total charge translocation associated with the F → O transition in ba 3 oxidase is close to that observed during the F → O transition in the aa 3 oxidases. However, the P R → F transition is characterized by significantly lower charge translocation, which probably reflects the overall lower measured pumping efficiency during multiple turnovers.
Introduction
The four-electron reduction of oxygen to water in living organisms is catalyzed by terminal oxidases [1, 2] , which convert redox energy into a transmembrane difference of proton electrochemical potential (Δμ H + ) [3] . Cytochrome ba 3 from Thermus thermophilus belongs to the large family of structurally related heme-copper oxidases that can be divided into at least 3 large groups denoted as A-, B-and C-type differing in the structure of proton channels and some other characteristics [4] . Whereas the most thoroughly explored canonical cytochrome c oxidases like the aa 3 enzymes from bovine heart, Paracoccus denitrificans or Rhodobacter sphaeroides belong to type A, the ba 3 cytochrome c oxidase from T. thermophilus exemplifies the B-type enzyme. This three-subunit protein is expressed under limited oxygen supply and catalyses oxidation of a highly specific electron donor, cytochrome c 552 , by molecular oxygen [5] . Like the canonical cytochrome oxidases, ba 3 contains four redox-centers: low-spin heme b, high-spin heme a 3 and two copper centers (binuclear Cu A and mononuclear Cu B ) [6, 7] . Cu A and heme b are the input redox-centers, through which electrons are transferred from cytochrome c 552 into the oxygen-reducing binuclear site [8, 9] .
The O 2 reduction site of ba 3 oxidase is formed by heme a 3 and Cu B as in the canonical aa 3 oxidases but nevertheless it reveals a number of odd features, including an unusual pattern of reactivity towards exogenous ligands such as CN − , N 3 − , SH − , CO, NO, and H 2 O 2 [8, 10, 11] . Thus, in cytochrome ba 3 cyanide binds preferentially to the ferrous heme a 3 [11] , while in the A-type oxidases its ligation to the ferric heme a 3 is very much stronger. In contrast to A-type oxidases, the ferric ba 3 -enzyme does not react readily with H 2 O 2 or any other heme a 3 ligands tested (cyanide, azide, sulfide) and the binuclear center was postulated to be "closed" in the oxidized enzyme, opening up after one electron reduction [8] . The affinity of Cu B to CO in the reduced ba 3 oxidase is about 100 times higher than that in cytochrome c oxidase from bovine heart [12] . Some of the unusual ligandbinding features of the ba 3 oxidase from T. thermophilus may be shared by other B-type oxidases, such as an aa 3 -type quinol oxidase from Acidianus ambivalens [13, 14] .
All known members of the heme-copper oxidase superfamily are capable of pumping protons from the N-to the P-side of the membrane against the transmembrane electrochemical gradient of protons [4] . Three proton-conducting pathways were resolved from the atomic crystal structure of cytochrome ba 3 [6] . Two of these pathways are reminiscent of the previously identified D-and K-pathways of cytochrome aa 3 [6, [15] [16] [17] ; however the principal amino acid residues are not conserved between cytochromes aa 3 and ba 3 [6] . For instance, the highly conserved Glu-278 (P. denitrificans numbering or Glu-286 from R. sphaeroides numbering) in the D-pathway of cytochrome aa 3 is exchanged to Ile-235 (T. thermophilus numbering), and has been assumed to optimize the oxygen input channel [6] crucial for survival at low oxygen concentrations.
Although cytochrome ba 3 lacks most of the highly conserved amino acid residues that form input proton channels in the A-type oxidases, it nevertheless generates an electric transmembrane potential difference under steady-state conditions, and pumps protons [18, 19] . While 1 H + /e − is taken up from the N-side of the membrane for water formation, cytochrome ba 3 shows a reduced proton-pumping efficiency of 0.4-0.5 H + /e − instead of 1H + /e − found in the canonical heme-copper oxidases [4, 18] .
Despite of the known three-dimensional structure of cytochrome ba 3 [6, 7, 20] , the mechanisms of proton pumping and oxygen reduction in this enzyme are still poorly understood, because there have been few time-resolved studies on electron and proton transfer events during the catalytic cycle [8, 9, 12] . The aim of this work was to resolve the sequence of intermediates of the catalytic cycle and to follow the transitions in this cycle where proton translocation occurs. We used the flowflash method [21] , which allows for a time-resolved study of the reaction of the fully reduced enzyme with dioxygen.
When the oxygen reaction is initiated from the so-called mixed valence (2-electron reduced) state of bovine enzyme, formation of compound A is followed by reduction of dioxygen yielding the P M state with ferryl heme iron and cupric Cu B . The three out of four electrons required for oxygen reduction are taken from the binuclear center, while the fourth electron is delivered from a local tyrosine residue [22] that is covalently bonded to one of the histidine ligands of Cu B [23] [24] [25] . It is believed that the delivery of the fourth electron to the dioxygen molecule is accompanied by a proton that is provided by the cross-linked tyrosine as well, resulting in a neutral tyrosyl radical [26, 27] .
In the fully-reduced bovine cytochrome oxidase, binding of O 2 to heme a 3 is followed by electron transfer from heme a to the binuclear center with a time constant of ∼ 30-40 μs, forming the P R state [28, 29] . Both P M and P R are characterized by a broken O-O bond, an oxo-ferryl state of heme a 3 , and the same visible absorption spectrum (peak with maximum at 607 nm) with the only variation due to heme a oxidation in the latter case [30, 31] . Thus, the P R state is characterized by the presence of an extra electron in the binuclear site that is assumed to be transferred from heme a and to results in transient formation of a tyrosinate [22, 26, 27, 32] . As with P M , formation of P R is not associated with proton uptake from the outside of the protein [33] .
Later, protonation of the binuclear center from the N-side of the membrane with a time constant of ∼50-140 μs [28, 34, 35] , gives rise to the next compound, the F state with absorption maximum at 580 nm. Formation of the F state is accompanied by electron equilibration between Cu A and heme a [28, 36] , and is rate-limited by internal proton transfer from the conserved Glu-286 (numbering from R. sphaeroides), followed by reprotonation of Glu-286 from the N-side of the membrane [37] . During the next stage, electron transfer from the equilibrating heme a/Cu A pair to the binuclear center is accompanied by proton uptake from the N-side to produce a water molecule in the binuclear center and to complete formation of the fully oxidized state (O). In addition, the P R → F and F → O transitions are both linked to proton pumping across the membrane in the canonical oxidases [38] . Charge translocation across the membrane can be directly monitored by the time-resolved electrometric technique [39] [40] [41] [42] [43] .
In this work, the kinetics of single-turnover oxidation of fully-reduced ba 3 cytochrome oxidase from T. thermophilus by molecular oxygen were resolved spectroscopically for the first time. Additionally, parallel kinetics of membrane potential generation was followed and partial charge transfer events determined which are coupled to the conversion of the corresponding intermediates of the binuclear center. The data obtained directly identify the transition A → P R → F in ba 3 oxidase to be responsible for the lowered proton-pumping efficiency of this enzyme.
Materials and methods

Enzyme preparation and reconstitution into phospholipid vesicles
Cytochrome ba 3 was isolated from T. thermophilus HB8 cells as described in [12, 44] . The enzyme was reconstituted into vesicles by the Bio-Beads method (SM-2 adsorbent; Bio-Rad, Hercules, CA) as described [45] , except that the concentration of CcO during reconstitution was increased to 5-8 μM.
Time-resolved measurement of electric potential generation
The development of electric potential across the vesicle membrane was monitored by an electrometric technique [46] , as adapted for time-resolved experiments with CcO [41, 43] . Details of the sample preparation and the methodology can be found in [45] .
Time-resolved spectrophotometric measurements
Time-resolved multiwavelength absorption changes were followed by a home-constructed CCD-based instrument. A pulsed 150-W xenon arc lamp (Applied Photophysics, Surrey, UK) was used as the probe light source. Light from the lamp was passed through an optical fiber to a three-syringe stoppedflow module (SFM-300; Bio-Logic, Grenoble, France) equipped with a fluorescence cuvette (TC-100/10F, optical path 10 mm) with the sample. The light was further directed to a Triax-180 compact imaging spectrograph (HORIBA Jobin Yvon, Edison, NJ), which delivers spectral imaging over a fast kinetic CCD matrix (DV420-UV-FK; Andor Technology, Belfast City, Ireland). This setup allows recording of absorption change surfaces with a time resolution of 1-16 μs between the spectra. The reaction was initiated by a laser flash (BrilliantB; Quantel, Les Ulis, France; frequency-doubled YAG, 532 nm, pulse energy − 120 mJ). Instrumental software for experimental setups was written by Dr. N. Belevich (Helsinki, Finland).
Data analysis
The experimental kinetics were fitted by a model with four sequential reactions [43] . MATLAB (The Mathworks, South Natick, MA) was used for data analysis and presentation.
Results
In this work we used the flow-flash approach [21] for measurements of either optical changes or electric potential generation during the reaction of the fully reduced cytochrome ba 3 with oxygen. The reaction was initiated by photolysis of CO from reduced enzyme in the presence of oxygen. After the laser flash CO leaves heme a 3 allowing oxygen to bind and begin the oxygen reduction.
Kinetics of the reaction of ba 3 oxidase with oxygen recorded by optical spectroscopy
The reduced CO-equilibrated cytochrome ba 3 was mixed in a stopped-flow apparatus with an oxygen-saturated buffer at the volume ratio 1:5. Very shortly (Δt = 5 ms) after the mixing (to preclude thermal dissociation of CO), CO was photodissociated by the laser flash and the initiated oxygen reaction was monitored by the kinetic CCD-based spectrophotometer (see Materials and methods). This approach allowed us to collect a surface of optical changes during the course of the reaction with time resolution of 1 μs between individual spectra in the surface. The complete set of optical changes during the oxygen reaction makes it possible to extract individual spectra of kinetic phases, and to separate kinetic intermediates during a single-turnover of cytochrome ba 3 .
Fig . 1A shows a set of time-resolved absorption spectra collected during the reaction of the fully-reduced cytochrome ba 3 with oxygen. The spectral surface was monitored up to 1.8 ms after starting the reaction. Fig. 1B shows the kinetic curves that were extracted from the complete matrix of collected spectra. The time course of the reaction of the fully-reduced ba 3 oxidase with oxygen is shown at two characteristic wavelengths 560 (mostly heme b) and 609 nm (mostly heme a 3 ). The immediate response on the laser flash at zero time corresponds to the CO photolysis (Fig. 1B , Inset), which is followed by a lag phase of several microseconds. The three following phases are very well seen in the kinetic curve at 560 nm and correspond to the redox transition of heme b. During these transitions heme b gets oxidized, re-reduced, and finally completely oxidized with the same pattern as oxidoreduction of heme a in the oxygen reaction of cytochrome aa 3 [28, 47, 48] . In the sequence of events in cytochrome aa 3 these phases were assigned to the A → P R , P R → F, and F → O transitions. In contrast, the kinetic curve at 609 nm looks like it consists of two components only (rise and monophasic decay). To verify the number and the nature of kinetic components we made a global fit of the obtained data. The experimental surface has been fitted by a model with four sequential reaction steps [43] .
The first transition ( R → A)
The first intermediate in the reaction of bovine cytochrome c oxidase with oxygen is the ferrous-oxygen adduct (compound A), discovered and characterized for the first time by Chance and coworkers [49] . Fig. 2A shows the spectrum of the first component resolved from the reaction of the fully reduced cytochrome ba 3 with oxygen. The trough near 615 nm reflects the disappearance of unliganded reduced heme a 3 . This process is accompanied by an absorption increase at 595 and 560 nm, corresponding to the α and β bands of the ferrous-oxygen adduct (compound A) of bovine cytochrome c oxidase [50, 51] . The difference spectrum of the first intermediate in the Soret region also reproduces the spectral features of the oxy-complex in the bovine enzyme [29] . The trough at 445 nm indicates disappearance of the unliganded reduced heme a 3 during binding of oxygen. The ratio of the amplitude of this trough to the amplitude of CO-photolysis at 445 nm allows us to estimate the fraction of the enzyme that produces the oxy-complex. The estimated yield of compound A in cytochrome ba 3 is significantly smaller than in bovine aa 3 (∼40% of the photolyzed enzyme instead of ∼ 62% [29] ).
The time constant of compound A generation in cytochrome ba 3 is 5.3 μs (k 1 = 1.9 × 10 5 s − 1 ) at an oxygen concentration of 1 mM (for comparison, ∼ 8 μs in bovine enzyme [29] ). The measurement of the rates of compound A generation at different O 2 concentrations gives a second order rate constant k on = 1.7 × 10 8 M − 1 s − 1 , which is very close to the values obtained for cytochrome aa 3 from bovine heart and R. sphaeroides [29, 48] .
The second transition (P R generation)
Fig . 2B shows the spectrum of the second phase, which develops with a characteristic time constant of 13 μs. The trough at 560 nm together with the peak at 612 nm clearly point to the oxidation of heme b as well as to the formation of P R . The trough at 445 nm verifies oxidation of the reduced unliganded state of heme a 3 (R) in a significant population of the enzyme, and undoubtedly indicates a mixture of rapidly equilibrated A and R states that decay into P R during this phase of the reaction.
The formed P R state has a peak at 612 nm that is about 5 nm red-shifted compared to cytochrome aa 3 from bovine heart [52, 53] which complies with the red-shifted position of the ferrous heme a 3 α-band in T. thermophilus oxidase relative to bovine enzyme. The extinction coefficient ε 612-630 =11 mM − 1 cm − 1 is the same as for the bovine enzyme [53] . It should be mentioned that this is the first observation of a P-like state in cytochrome ba 3 , because this enzyme has unusual properties of the binuclear center and does not form notable amounts of the P state in steady-state experiments with H 2 O 2 or a CO/O 2 mixture [8] .
The generation of P R in cytochrome ba 3 is associated with synchronous oxidation of the low-spin heme b, like the oxidation of heme a in cytochrome aa 3 . The amplitude of the trough at 560 nm indicates practically complete oxidation of heme b (∼ 95%).
To summarize, the electron transfer during A → P R transition in ba 3 oxidase consists of the same events as in the A-type aa 3 oxidases, i.e. oxidation of the low-spin heme and formation of the oxy-ferryl form of heme a 3 .
3.1.3. The third transition ("P R → F") Fig. 2C shows the spectrum of the third component in the reaction, developed with the time constant of about 30 μs, which is slightly faster than obtained for cytochrome aa 3 from bovine heart and P. denitrificans [35, 48] . In case of A-type cytochromes aa 3 this reaction step results in formation of the F state of the binuclear center (peak at 580 nm) from the P R state (peak at 607 nm). Such changes of the visible spectra are accompanied with synchronous electron transfer from Cu A to the low-spin heme a, that, in turn, is triggered by protonation of the binuclear center from the N-side of the membrane [54] . In addition, this kinetic phase is coupled to the pumping of approximately 1 proton across the membrane [42, 43, 55] . In contrast, in ba 3 there are no spectroscopic indications of F state (580 nm) formation and disappearance of the P state (607 nm) during this kinetic phase. Furthermore, the spectral features of the F 580 -like intermediate were not resolved at any point of the kinetics of the cytochrome ba 3 reaction with oxygen. Thus while the P R state is very hard to trap in cytochrome aa 3 , as it is transient and rapidly converts to F 580 [30] , in cytochrome ba 3 the opposite is true and only the spectrum of P R state could be observed during oxidation of the enzyme. It is noted, that when ba 3 oxidase is treated by excess hydrogen peroxide, a ferryl-oxo state is formed very slowly with a "normal" α-band at 583 nm [8] .
At the same time, complete re-reduction of the low-spin heme b by Cu A is clearly observed during this phase.
Fourth transition (O generation)
The final step in the oxygen reduction kinetics of cytochrome ba 3 includes disappearance of the F state with the P-like spectroscopic characteristics (maximum at 612 nm), and simultaneous accumulation of the fully oxidized state of heme a 3 (O state). The kinetic spectrum of this phase has troughs at 560 and 612 nm, which together with the rise of the chargetransfer band at 660 nm indicate that the formation of O correlates with decay of the F intermediate occurring with arrival of the electron to the binuclear center from heme b (Fig. 2D) . In contrast to cytochrome aa 3 where the last electron is transferred to the binuclear center from the equilibrated (60%:40%) heme a/ Cu A couple, in ba 3 oxidase the required electron arrives entirely from heme b in agreement with the complete redistribution of this electron from Cu A to heme b during the previous reaction step. The characteristic time of this transition is about ∼ 700-750 μs (k ∼ 1300 s − 1 ), which is once again very similar to the rate of the F → O transition in cytochrome aa 3 under similar conditions (k ∼ 1000 s − 1 ) [28, 35] .
Time-resolved flow-flash electrometric measurements on cytochrome ba 3
Fig . 3 shows the kinetics of membrane potential generation in a single turnover of ba 3 oxidase. As before, oxygen was added to the CO-inhibited enzyme in the dark directly before the laser flash. The overall pattern of the electrometric response of the ba 3 oxidase incorporated into proteoliposomes is similar to that obtained earlier for bovine cytochrome aa 3 [41, 43] , and consists of four kinetically distinguishable components. A microsecond lag-phase is followed by three components of membrane potential development, corresponding to transfer of a positive charge through the enzyme from the N-towards the P-side of the liposomal membrane.
The total amplitude of the electric response was significantly reduced (∼ 12-15 mV) as compared to the typical values of ∼60 mV for cytochrome aa 3 (assuming that the amount of the ba 3 and aa 3 enzymes per vesicle is the same due to identical reconstitution procedure); this is mainly due to the relatively fast rate of spontaneous CO dissociation from heme a 3 in the dark in cytochrome ba 3 (k off = 0.8 s − 1 [12] ). As a result, a considerable amount of the enzyme reacts with O 2 already before the laser flash and the observed amplitude of the photoinduced electrogenic response is strongly dependent on the delay between the oxygen addition and the subsequent laser flash. Measuring the amplitude of the photoelectric response with different time delays, we were able to determine the rate constant of spontaneous CO dissociation from heme a 3 for the current experimental conditions, k off , as ∼ 0.71 s − 1 in good agreement with the data in [12] . Taking into account the value of k off and the delay between the oxygen addition and the laser flash, the total amplitude of the electrogenic response for the entire reacting population of enzyme can be estimated as 32 ± 4 mV.
As in bovine cytochrome aa 3 , the ∼ 5-6 μs lag-phase in the photoelectric trace of cytochrome ba 3 corresponds to the electrically silent release of CO, binding of oxygen and formation of compound A. The second phase of the electrometric response of cytochrome ba 3 has a time constant of about 11 μs, which corresponds to the time constant of the A → P R transition in the optical measurements. The amplitude of this phase is small compared to the next two phases (approximately 6% of the overall amplitude).
The main part of the potential generation (about 90%) is formed by the third (∼ 45 μs, ∼36%) and fourth (∼ 550 μs, ∼55%) electrometric phases, which can be assigned to the third and fourth transitions in the optical measurements. There is also a minor fifth phase with a very small amplitude (∼ 3% of the total response) and a time constant of ∼ 2.5 ms, which is very close to the published turnover number (250 s − 1 ) for this enzyme [5] and may therefore be the rate-limiting step of the catalytic cycle. In general, the rates and the large relative amplitudes of the third and fourth components of the electrometric response correlate well with the characteristics of the P R → F and F → O transitions of the bacterial A-type cytochromes aa 3 , where both these steps include uptake of a "chemical" proton from the N-phase into the binuclear center and pumping of approximately 1 proton across the membrane. However, while in cytochrome aa 3 the P R → F and F → O transitions contribute equally to membrane potential development [43] , the third component in ba 3 oxidase corresponding to the P R → F step has an amplitude of only ca. 60% of the subsequent slow phases.
To define the number of charges translocated across the membrane during the single-turnover measurement, the electron "back-flow" reaction (electron redistribution in the partially reduced ("mixed valence") enzyme after CO photolysis in the absence of oxygen) was studied. Photodissociation of CO results in lowering of the midpoint redox potential of heme a 3 and drives a redistribution of electrons in the enzyme with establishment of a new equilibrium. Fig. 4 shows the kinetics of electron back-flow in ba 3 oxidase monitored by optical spectroscopy at the reduced heme a 3 band (445 nm, black line), and by electrometric measurements (gray line). The kinetics of absorption changes at 445 nm start with an unresolved jump, caused by CO dissociation from heme a 3 and formation of unliganded reduced heme a 3 . The subsequent absorption decrease with a time constant of 30-50 μs reflects electron departure from heme a 3 . Assuming the extinction coefficients at 445 nm of 67 mM − 1 cm − 1 for the absorption changes induced by CO photolysis and 82.3 mM − 1 cm − 1 for oxidation of heme a 3 [56] , we can calculate the fraction of heme a 3 oxidation during the backflow reaction to be about 4.2%.
The observed amplitude of electron backflow in ba 3 oxidase was maximal in the 3-electron reduced enzyme, which is similar to cytochrome aa 3 [43, 57] . This increase of the electron backflow from heme a 3 to Cu A in cytochrome aa 3 was attributed to lowering of the midpoint redox potential of heme a 3 due to anticooperative redox interaction with the reduced heme a [43] . The characteristic rate of electron backflow in ba 3 oxidase is similar to the rate of electron transfer between Cu A and heme b found in electron photoinjection experiments (∼ 20 μs) [8] , which confirms that the phase recorded at 445 nm is due to electron transfer from heme a 3 to Cu A .
The potential generation during electron backflow has two phases. The fast phase (30 μs) corresponds to a transfer of negative charge through the enzyme towards the P-side of the membrane with a characteristic time very similar to that observed in the optically monitored backflow. Since both hemes are located approximately at the same depth in the membrane [6] , the transient electron transfer between them is electrometrically silent; thus the detected electrogenic response results from the electron equilibration between heme a 3 at the binuclear center and Cu A at the P-surface of the enzyme [6] . From the amplitude of the charge translocation in the fast phase of electron backflow (0.15 mV), under the assumption that it is not coupled to any proton movement like in aa 3 oxidase, we can estimate the amplitude of electrogenic phase corresponding to electron transfer between heme a 3 and Cu A in 100% of the photoactivated ba 3 oxidase as 0.15 mV/0.042 = 3.6 mV.
From the general similarity of 3D structures of ba 3 and aa 3 oxidases, the dielectric distance between heme b and Cu A may be estimated as 0.32 of the total membrane dielectric [55] . Hence the amplitude of the electrometric response upon transfer of a single charge across the entire membrane dielectric is 3.6/0.32 ∼11.3 mV. The total amplitude of charge translocation during the reaction of fully reduced cytochrome ba 3 with oxygen is about 32 mV, which corresponds to transfer of 32/11.3 ∼ 2.8 charges across the membrane. The same approach applied to cytochrome aa 3 gives translocation of 3.5-3.7 charges [55] . The lower H + /e − stoichiometry of charge translocation by ba 3 oxidase correlates well with the smaller proton pumping efficiency of ba 3 oxidase in multiturnover experiments [18] .
The slow phase of charge translocation during electron backflow has a time constant of about 330 μs. By analogy with A-type cytochromes aa 3 [58, 59] , this phase can be assigned to proton release from the binuclear center towards the N-side of the membrane following oxidation of heme a 3 .
Discussion
The optical and electrometric techniques used in this work allow to identify the intermediate states and to resolve the associated proton and electron movements during reaction of oxygen with the fully reduced cytochrome ba 3 . Analysis of the spectral changes together with of the kinetics of charge translocation across the membrane makes it possible to conclude that the mechanism of oxygen reduction to water by the B-type ba 3 and A-type aa 3 oxidases is essentially similar, but not identical. Four very similar redox steps with similar rate constants have been resolved in both enzymes. However, there are two mechanistically important differences. First, the kinetically defined F state of ba 3 oxidase does not show the absorption peak at 580 nm as is typical of Compound F in the canonical aa 3 -type oxidases and as observed in H 2 O 2 -treated ba 3 under static conditions [8] , but retains spectral characteristics of the preceding intermediate P. Second, oxidation of ba 3 oxidase is less electrogenic than oxidation of aa 3 oxidases from P. denitrificans or bovine heart, mainly due to lower electrogenicity of the P R → F step. These differences reveal important diversity between the molecular mechanisms of the two types of enzymes.
The R → A transition
The first resolved intermediate in the oxygen kinetics of ba 3 oxidase is the oxy-complex (Fig. 5) . Its yield of formation is relatively small, only about 40% of the photolyzed enzyme. To explain such a low yield it is necessary to take into account the steps taking place before oxygen binding to the reduced heme a 3. These reactions include CO release from heme a 3 via Cu B which is followed by oxygen binding to heme a 3 in a manner similar to cytochrome aa 3 [29, 60] . The equilibrium constant of CO dissociation from Cu B in cytochrome ba 3 is significantly smaller than in cytochrome aa 3 [12] which may explain the decreased yield of compound A. The model to describe the reaction after the laser flash can be written as:
;
From this, one can see, that the yield of compound A may be decreased not only because of high value of K 3 (equilibrium constant of oxygen jumping between heme a 3 and Cu B ), but also due to a high value of K 2 N 1 (oxygen prebinding to Cu B as in cytochrome aa 3 [29] ), or a high value of K 1 . The small value of K d for CO dissociation from Cu B in cytochrome ba 3 [12] raises the value of K 1 in Scheme 1, because
, whereby K 1 assumes a value of ∼ 10.
The A → P R transition
The P R state is easily resolved in ba 3 oxidase due to clear increase of absorption at 612 nm during the second transition as it is not masked by heme a oxidation as in the aa 3 oxidases. It is evident from the spectral changes that during the A → P R transition the oxy-complex is reduced by the electron from heme b with one more electron delivered from Cu B (the latter, by analogy with the canonical aa 3 oxidases). As a result of electron transfer to the binuclear center, the O-O bond must be broken with formation of the oxy-ferryl form of heme a 3 (Fe IV = O). The P R state formed has practically the same spectral characteristics as in the aa 3 oxidases [28] , indicating the same structure of the binuclear center as in the P R state of aa 3 .
In aa 3 oxidase vectorial charge movement during the A → P R transition amounts to transfer of one electrical charge across about 30% of the membrane dielectric [57] . This charge translocation was suggested to be due to internal transfer of a proton from Glu-278 (P. denitrificans numbering) to an unidentified acceptor above the heme groups, which is the initial step of the proton pump mechanism [61, 62] . The phase of P R formation in ba 3 oxidase is coupled with proton translocation through a fraction of the membrane dielectric estimated to be 0:68 mVðamplitude of the phaseÞ Â 2:8 ðnumber transferred chargesÞ 12 mVðtotal amplitudeÞ ¼ 0: 16 which is smaller that in cytochrome aa 3 and corresponds to translocation of 1 charge across about 4 Å assuming a 25-Å dielectric thickness of the membrane. It is worth mentioning that Glu-278 is not conserved in ba 3 oxidase, and, therefore, cannot participate in this electrogenic event. At the same time breaking the oxygen-oxygen bond during the P formation requires delivery of a proton to the catalytic site. One of the possible donors of the required proton can be tyrosine 237 (the one that forms a covalent bond with Cu B -bound histidine) located below Cu B at about a suitable distance (step 2 in Fig. 5 ).
The P R → F transition
The next step in bovine and bacterial aa 3 oxidases is the P R → F transition. It is assumed that in aa 3 oxidase, the electron transfer from Cu A to the low-spin heme a is triggered by the compensating proton transfer from the N-phase. The change of the α-band spectrum of the ferryl compound of heme a 3 during the P R → F transition (shift of the peak from 607 to 580 nm) suggests that the proton arrives in the vicinity of heme a 3 , most likely to the Cu B bound hydroxyl [63] .
As described above, formation of intermediate F with a peak at 580 nm was not observed during the single-turnover of ba 3 oxidase, although the F state of ba 3 oxidase with a maximum at 583 nm can be formed upon H 2 O 2 treatment under steady-state conditions. However, the transition of the P R state to an F-like compound was kinetically resolved as witnessed by the rereduction of the low-spin heme b. The absence of spectral changes of heme a 3 during this phase suggests that the proton taken up from the N-phase does not arrive at the binuclear center, but rather to some nearby group that does not perturb the spectrum of heme a 3 . This group may be the covalently bonded Tyr-237 that was deprotonated in the preceding A → P R step.
The amplitude of potential generation during the P R → F transition in ba 3 oxidase corresponds to translocation of a single charge across the 4.3 mV × 2.8 charges / 12 mV = 1, i.e. through the complete span of the membrane dielectric. Since in ba 3 oxidase, the electron is almost completely transferred from Cu A to heme b during heme b re-reduction, it is possible to estimate that the proton uptake from the N-phase into the binuclear center occurs across a 1.00-0.32 = 0.68 fraction of the dielectric. This amplitude is in agreement with the spatial position of Tyr-237 in the membrane. Hence, the amplitude of the potential generation during the P R → F transition (translocation of 1 charge across the entire membrane thickness) is due to transfer of an electron and the chemical proton only and is not coupled to proton pumping. The absence of proton pumping during the A → P R → F transition in ba 3 oxidase can explain the low stoichiometry of proton pumping (H + /e − = 0.5) by liposome-reconstituted ba 3 oxidase described in [18, 19] . The sequence of events during the P R → F transition is shown as a third step in Fig. 5 . It is of obvious interest whether missing the proton pumping step coupled to the A → P R → F transition is a general feature of Btype oxidases with their loosely organized D-channel.
The F → O transition
During the F → O transition in cytochrome aa 3 the electron shared by redox-equilibrated low-spin heme a and Cu A is transferred to the binuclear center. The transfer of the fourth electron to the binuclear center is the slowest step during oxygen reduction in the A-type aa 3 oxidases, and includes disappearance of Compound F with concomitant formation of the fully oxidized state of heme a 3 . Very similar events are observed here in the time-window corresponding to the F → O transition in ba 3 oxidase, except for the peculiar spectral properties of the F state. Electron transfer from the low-spin heme b to the binuclear center drives formation of O from the F state (Fig. 5 ) that was produced in its turn from the P R state during the previous reaction step, but still retained spectral features of the P state.
The amplitude of the charge translocation during the F → O step consists of transfer of both pumped and chemical protons. The proton for pumping is taken up from the N-side and is translocated all the way across the dielectric. At the same time uptake of the chemical proton to the binuclear site from the same side of the membrane for oxygen reduction accounts for transfer of additional charge across about a 0.7 fraction of the membrane. Consistent with this, the electrogenic amplitude during the F → O transition is 1.6 times higher than during P R → F. The number of charges translocated during the F → O transition in ba 3 oxidase is roughly the same as during the same phase in aa 3 oxidase, which implies the same general mechanism of proton pumping coupled to transfer of the 4th electron for the two types of oxidases.
